Abstract Compact Reconnaissance Imaging Spectrometer for Mars hyperspectral (1.0-2.65 μm) along-track oversampled observations covering Victoria, Santa Maria, Endeavour, and Ada craters were processed to 6 m/pixel and used in combination with Opportunity observations to detect and map hydrated Mg and Ca sulfate minerals in the Burns formation. The strongest spectral absorption features were found to be associated with outcrops that are relatively young and fresh (Ada) or preferentially scoured of dust, soil, and coatings by prevailing winds. At Victoria and Santa Maria, the scoured areas are on the southeastern rims and walls, opposite to the sides where wind-blown sands extend out of the craters. At Endeavour, the deepest absorptions are in Botany Bay, a subdued and buried rim segment that exhibits high thermal inertias, extensive outcrops, and is interpreted to be a region of enhanced wind scour extending up and out of the crater. Ada, Victoria, and Santa Maria outcrops expose the upper portion of the preserved Burns formation and show spectral evidence for the presence of kieserite. In contrast, gypsum is pervasive spectrally in the Botany Bay exposures. Gypsum, a relatively insoluble evaporative mineral, is interpreted to have formed close to the contact with the Noachian crust as rising groundwaters brought brines close to and onto the surface, either as a direct precipitate or during later diagenesis. The presence of kieserite at the top of the section is hypothesized to reflect precipitation from evaporatively concentrated brines or dehydration of polyhydrated sulfates, in both scenarios as the aqueous environment evolved to very arid conditions.
Introduction
The Mars Exploration Rover, Opportunity, landed on 24 January 2004 on the Meridiani plains in the~20 m wide Eagle crater and spent its first 2 months of operations characterizing sulfate-rich sandstones of the Burns formation [Squyres et al., 2004] (Figures 1 and 2 ). Its next major target was the~150 m wide Endurance crater, where it spent its first Martian winter characterizing in detail an~8 m thick stratigraphic section of the Burns formation materials [Grotzinger et al., 2005] . Crater hopping continued, focusing on detailed remote sensing of the~800 m diameter Victoria crater , followed by in situ observations of the Burns formation strata exposed on the northwestern crater walls. Opportunity next focused on the remote sensing of the relatively fresh~100 m diameter Santa Maria crater and in situ measurements of Burns formation materials exposed on its southeastern rim. The rover then traversed to the Cape York rim segment of the~22 km wide Noachian age Endeavour crater, where combined orbital and rover data show the presence of smectites in layered rocks that are unconformably overlain by impact breccias .
In this paper we continue to take advantage of combined orbital and in situ observations obtained during crater hopping and include three Mars Reconnaissance Orbiter (MRO) Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) [Murchie et al., 2007] data sets acquired in an along-track oversampled (ATO) mode (Table 1) [Fraeman et al., 2013; Arvidson et al., 2014] over Victoria, Santa Maria, and Endeavour craters ( Figure 2 ). ATOs provide~6 m/pixel resolution along track, in contrast tõ 18 m/pixel data acquired in the normal full resolution targeted (FRT) mode. MRO High Resolution Imaging Science Experiment (HiRISE) [McEwen et al., 2007] data are also utilized to provide morphologic contexts. An ATO over the~2.2 km diameter fresh crater, Ada ( Figure 1 and Table 1 ), located 140 km to the east of Endeavour, is also included because of extensive exposures of Burns formation materials. The combined CRISM and rover-based results are then integrated to provide value-added insight into the deposition and alteration of the sulfate minerals in the Burns formation. The use of the CRISM ATO data was crucial to enabling this focus because the increased spatial resolution allowed us to isolate and identify spectral end-members for what turned out to be relatively small outcrops comparatively free of dust, soil, and coatings. Perspective view looking to the southeast at Meridiani Planum and its contact with the fluvially dissected cratered terrain. Meridiani Planum is underlain by the Burns formation sulfate-rich sandstones that embay the cratered terrain. Opportunity explored and characterized these sandstones from 2004 to 2011, when the rover transitioned onto the Cape York rim segment of the partially buried Noachian Endeavour crater. The Murray Ridge rim segment to the south of Cape York is labeled. Endeavour craters formed before the Burns sandstones were deposited. Ada is a young,~2.2 km wide crater that exposes the top of the Burns formation strata and is located~140 km to the east of Endeavour. The red line shows Opportunity's traverses. THEMIS daytime thermal infrared mosaic has been overlain onto a Mars Orbiter Laser Altimeter-based digital elevation map to produce this perspective view. observations covering Opportunity's traverses (red). The CRISM ATO data shown were used to retrieve mineral signatures that were combined with Opportunity's surface observations to understand the nature of Burns formation materials where extensive outcrops are exposed. The dune spectrum shown in Figure 4 was retrieved from a homogeneous dark dune in the southeastern side of the southernmost CRISM scene. (top to bottom) The ATOs are FRT0001C7D2 (Victoria crater), FRT0001B8A4 (Santa Maria crater), and FRT00019E9C (Botany Bay, Endeavour crater). Bands located at 1.08, 1.51, and 2.53 μm are shown as blue, green, and red colors (BGR).
Previous Work
The identification and mapping of hydrated sulfates on a regional scale in Meridiani Planum were pioneered by acquisition and analysis of Mars Express Observatoire pour la Minéralogie, l'Eau, les Glaces et l'Activité (OMEGA) hyperspectral (~1 to 2.6 μm) imaging observations . Arvidson et al. [2005] and Griffes et al. [2007] used 0.4 to 2.5 μm OMEGA data to uncover spectral evidence for kieserite (Mg 2+ SO 4 H 2 O, based on overall spectral shape and~2.1 and 2.4 μm absorptions) in outcrops exposed on the northern walls of a valley that bounds the northern extent of the hematite plains in Meridiani Planum. These authors showed that the absence of Fe 2+ electronic absorptions associated with another of the kieserite family members (szomolnokite, Fe 2+ SO 4 H 2 O) precluded the spectral presence of this mineral. Griffes et al. [2007] also identified the presence of polyhydrated sulfate-bearing materials on the valley floor based on the presence of~1.9 and 2.4 μm absorptions.
CRISM data (~18 m/pixel for FRTs), with the higher spatial resolution as compared to OMEGA observations (hundreds of meters depending on orbital altitude), allowed the identification and mapping of additional hydrated sulfate-bearing outcrop exposures in Meridiani Planum. Wiseman et al. [2010] conducted an extensive search using multiple FRTs to detect mineral signatures in and around the hematite-bearing plains and surrounding areas in Meridiani Planum. These authors identified and mapped both kieserite and polyhydrated sulfates, including interbedded units. Wray [2011] identified kieserite using FRT data covering the walls and rim rocks of Ada crater using absorptions at~2.1 and 2.4 μm. Wray et al. [2009] used FRT data to infer the presence of polyhydrated sulfates in Burns formation materials around Endeavour crater using the 
Rover Perspective
A number of minerals had been inferred from least squares constrained linear mixing analyses of Opportunity's mast-based Miniature Thermal Emission Spectrometer spectral emission observations of Burns formation materials before the instrument ceased operating. The data were modeled to infer the presence of Mg-and Ca-bearing sulfates and Al-rich opaline silica, in addition to jarosite, plagioclase feldspar, hematite, and perhaps nontronite [Glotch et al., 2006] . Additional information was provided by the arm-based Mössbauer Spectrometer, which was operative until the rover left Santa Maria crater. The 272 day half-life of the 57 Co radioactive source precluded use after this period. Mössbauer spectra of Burns formation outcrops show the presence of hematite, jarosite, minor pyroxene, and an unidentified Fe 3+ phase [Morris et al., 2006] . Both instruments confirmed the presence of hematitic concretions in the Burns formation. Opportunity's remote sensing and in situ measurement capabilities have been used to infer the presence of gypsum in veins cutting the bench surrounding Endeavour's Cape York rim segment [Squyres et al., 2012] and in Cape York rim material proper .
Methodology

CRISM Data Processing and Analysis
Our approach is to use the CRISM ATO data to detect mineralogy in relatively small outcrops (i.e., at the 6 m/pixel scale) and to use Opportunity's ability to traverse across the surface and acquire detailed imaging and in situ measurements of these areas to better understand the geologic and compositional settings associated with the CRISM detections. The discrete ordinates radiative transfer (DISORT) code [Stamnes et al., 1988 ] was used to model CRISM I/F data (spectral radiance on sensor divided by solar radiance) to retrieve single scattering albedo (SSA) spectra. Atmospheric CO 2 , CO, and H 2 O gases, together with dust and ice aerosols, were modeled and surface scattering was assumed to follow the Hapke photometric function [Hapke, 2012] , with a modestly backscattering single-particle phase function. Processing methodology, including the iterative approach used to minimize residual spectral features associated with improperly removed atmospheric gas bands, is discussed in detail in Arvidson et al. [2014] and will not be repeated here. The single-particle phase function used is based on the work done by Fox et al. [2013] and is typical for surfaces examined by Johnson et al. [2006] using Opportunity's Panoramic Camera (Pancam) [Bell et al., 2003 ].
The advantage of using SSA values is that they are independent of lighting and viewing conditions and only depend on the ensemble of constituent grains and their complex refractive indices, size distribution, and packing, i.e., physically meaningful parameters [Hapke, 2012] . The use of DISORT modeling and SSA retrievals negates the need to divide by a "volcano scan" spectrum to remove absorptions associated with atmospheric gases [e.g., Langevin et al., 2005] . In addition, scattering and absorption by dust and ice aerosols are explicitly modeled as part of our processing, unlike the volcano scan approach in which it is assumed that aerosol abundances and size distributions are identical for the data to be processed and the data acquired during the volcano scan. This assumption can lead to errors in identification of subtle absorption features in surface spectra since aerosols scatter and absorb light and can mask these features. This is particularly true for the~2 to 2.5 μm region, where atmospheric carbon monoxide absorptions not properly modeled with appropriate dust and ice aerosol conditions can interfere with the detection of subtle absorptions associated with hydrated and hydroxylated mineral phases. Wiseman et al. [2014] provide a detailed comparison of volcano scan and DISORT-based retrieval of surface reflectance and summarize limitations of and artifacts produced by the use of volcano scan ratios. The spectral region from 1.0 to 2.65 μm was used in our work because this wavelength interval contains the diagnostic spectral absorption features of interest for hydrated and hydroxylated sulfates relevant to the study area (Table 2) .
CRISM is a push-broom imaging spectrometer in which each column of its two-dimensional detector array corresponds to a spectrum in the resulting images [Murchie et al., 2007] . Each row in the detector array corresponds to a particular wavelength of light. For surface targets with high spatial entropy, the rapidly changing brightness patterns relative to the rate of data acquisition and recovery time for detector elements become somewhat problematic and result in spikes when detector element response times are slow. Acquisitions over "busy" scenes can thus be noisy, and extra care is needed to separate signal from noise. Noise spikes in the spectra are easy to identify because they are associated with one to a few CRISM spectral bands, with relatively narrow spectral widths not present in spectra for minerals or outside of wavelengths for which atmospheric gases absorb. Further, CRISM's aging cryogenic coolers are not cooling the detectors to temperatures as low as they did early in the mission (Mars orbit insertion in 2006), making increased dark current noise an additional factor in considering what is signal and what is noise in retrieving SSA spectra.
CRISM data in the wavelength region from~2.15 to 2.65 μm tend to have the highest signal-to-noise ratio and thus are most reliably interpreted. The reasons are that the onboard integrating sphere lamp's smooth blackbody emission spectrum peaks in this wavelength region, providing a strong signal for calibration purposes. There is also relatively low thermal background from self-emission in the instrument cavity to subtract from the raw data in this wavelength interval. Finally, as shown in Figure 16 of Murchie et al. [2007] , this wavelength region has the least amount of high-frequency spectral structure in the order sorting filter and thus introduces the least amount of residual "hash" in the calibration to I/F values.
Given the information presented in the previous two paragraphs, particular attention is focused on ensuring that true signal and not noise is being retrieved and interpreted from the CRISM ATO spectra. Further, the spectral region from~2.15 to 2.65 μm, because of the higher signal to noise relative to shorter wavelengths, is preferentially weighted in the analyses that follow. We adopt a straightforward method for identifying true surface absorptions from noise based on feature band depths. We define band depth (BD) as 1-SSA/SSAc, where SSA is the value at the center of the absorption feature and SSAc is the equivalent value at the same wavelength of the continuum on either side of the absorption feature. Noise BDs are calculated the same way for the same image columns as the mineral-related absorption of interest but above and below the rows for that absorption. The ratio of means for absorption to noise BDs, together with the extent to which absorptions of interest are located in contiguous pixels that have geologically similar contexts, is used as a semiquantitative measure of the confidence with which absorptions can be identified. CRISM I/F data have Clark et al. [1990] and Cloutis et al. [2006] , in addition to inspection of the laboratory spectra shown in Figure 3 . These absorption features are attributed to combination bands variably involving H 2 O, OH, together with interactions with Fe and S as detailed by these authors. Letters are keyed to spectra shown in Figures 3 and 4 . Shoulder means that the absorption is on the shoulder of a deeper absorption feature. For absorption G1, the 1.936 μm band location is shown on figures used in this paper.
been heavily processed, including initial radiometric calibrations using preflight and onboard lamps and filtering to suppress noise. It would thus be inappropriate to apply standard statistical tests to infer confidence levels for detection of absorption features. We are developing an end to end procedure, starting from radiometrically calibrated data, and iteratively modeling the signal in the presence of both Poisson and Gaussian noise, but this approach is beyond the scope of our paper.
Consideration of Absorption Bands
For reference, laboratory reflectance spectra from 1 to 2.5 μm are shown in Figure 3a for representative sulfate minerals: kieserite, starkeyite, gypsum, and jarosite. Continuum-removed values for the spectral range (1.8 to 2.5 μm), with its numerous H 2 O, OH, and metal-OH combination absorption features, are shown in Figure 3b . Also shown are values for a slightly altered basaltic rock that is more representative of Mars spectra in amplitude than are the pure powdered spectra shown for the hydrated and hydroxylated sulfate minerals. This sample has Fe 3+ absorptions in the visible to short-wavelength infrared (not shown), consistent with a minor amount of surface oxidation to produce one or more Fe 3+ -rich weathering products. A subtle absorption centered at~1.92 μm is likely associated with adsorbed H 2 O or H 2 O bound within the Fe 3+ -rich phase(s). Absorption feature wavelength assignments for each sulfate mineral, based on vibrational modes covering the~1.8 to 2.5 μm wavelength region (where CRISM can best be used to detect absorptions), are summarized in Table 2 . The kieserite spectrum exhibits a suite of major absorptions centered at 2.067, 2.129, and 2.399 μm. Starkeyite (MgSO 4 4H 2 O) is shown to be representative of polyhydrated Mg sulfates and exhibits major absorptions centered at 1.940 and 2.405 μm. As shown by Crowley [1991] , polyhydrated Mg sulfates are difficult to distinguish from one another using spectra for the wavelength region covered in our paper. The spectrum for gypsum (CaSO 4 2H 2 O) exhibits characteristic multiple major absorptions (e.g., 1.936, 1.964, 2.218, 2.267, and 2.428 μm) that distinguish this mineral from other hydrated sulfates. The spectrum for jarosite (H 3 O,Na,K)Fe +3 (SO 4 ) 2 (OH) 6 shows the hydroxylated but not hydrated nature of this mineral phase. Jarosite exhibits a number of diagnostic OH combination features, as shown in Figure 3 and Table 2 . The negative spectral slopes for the hydrated and hydroxylated sulfates are also a characteristic of these minerals for the wavelength interval of interest in our paper and are due to the deep~3 μm absorption features associated with OH and H 2 O vibrations within the mineral structures.
Pure mineral phases such as those shown in Figure 3 have not been identified on Mars for pixel width characteristic of orbital observations, e.g., the hundreds of meters to kilometers for OMEGA [Bibring et al., 2006] or the 18 m/pixel FRT observations. Rather, Opportunity has shown that the sulfate minerals present in the Burns formation materials are intermixed with altered basaltic materials that include hematite and Figure 3 . (a) Laboratory spectra are shown for weakly altered basalt rock and powdered kieserite, starkeyite, gypsum, and jarosite. Spectra for gypsum, jarosite, and altered basalt were measured using the Brown University Reflectance Experiment Laboratory facility and are bidirectional spectra from the CRISM spectral library (http://speclib.rsl.wustl.edu/) for samples F1CC16B, F1CC11B, and C1FB03. Kieserite and starkeyite spectra are from Wang et al. [2009 Wang et al. [ , 2011 and were acquired with a Nexus 670 FTIR spectrometer fit with a gold-coated rough surface as the reflectance standard. Wang et al. [2009 Wang et al. [ , 2011 confirmed their phase identifications using Raman spectroscopy and X-Ray diffraction techniques. Absorption assignments are given in Table 2 . (b) Spectra for minerals presented in Figure 3a are shown in continuum-removed form for wavelengths from 1.8 to 2.5 μm. The continuum removal emphasizes absorption features and the wavelength interval used is where numerous features are evident, not well masked by soil, dust, and coatings, and where CRISM has good signal to noise. Key absorption features are labeled and detailed in Table 2 . . Further, wind-blown materials dominated by dust and basaltic sands are ubiquitous and can mask the signatures, and coatings can also be present [e.g., Farrand et al., 2007; Knoll et al., 2008] . The combination of dust, soil, coatings, and bedrock properties leads to reflectance spectra for the Meridiani plains that typically increase in amplitude with increasing wavelength from~1.0 to 2.4 μm [e.g., Arvidson et al., 2006] . In the wavelength region of interest, the optical effects of intermixed grains are nonlinear because multiple scattering is important due to the modest absorption coefficient values. It is also well known that dark materials mask the spectral effects of bright materials when intimately mixed, preferentially subduing the shorter-wavelength spectral features [e.g., Clark et al., 1990] .
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To illustrate the effects of nonlinear mixing on the appearance and depths of absorption features of interest, we used Hapke's [2012] surface scattering model to provide examples of what happens to spectral features for bright materials when mixed with darker soils. Specifically, Lapotre et al. [2014 ] used Hapke's [2012 nonlinear model to retrieve from SSA spectra (ATO FRT00019E9C; Table 1 ) the mineral constituents of a barchan dune on the floor of Endeavour crater. They found mineral abundances for hematite, olivine, pigeonite, augite, and labradorite which were, with respect to Fe-bearing minerals, comparable to those found for sands within wind-blown ripples as determined by Opportunity's Mössbauer Spectrometer [Morris et al., 2006] . Starting with this model, numerical simulations were generated by us to show the effect that various weight percentages of 100 μm diameter gypsum grains intimately mixed with these dune sands would have on the resultant SSA spectra. Results are shown in Figure 4 as SSA spectra and BD values for each absorption as a function of weight percent gypsum. Results illustrate how dark materials significantly impact the spectral features of intermixed bright materials, i.e., the 1.443 μm BD decreases with lower abundances of gypsum at a faster rate as compared to the absorption BDs in the 2.0 to 2.5 μm wavelength region. The longer-wavelength absorptions are not attenuated as rapidly because the dune materials are intrinsically brighter in this wavelength interval and allow more multiple scattering. The same result can be reached by coating a gypsum rock with basaltic sand and/or dust with a strong Fe 3+ oxide or oxyhydroxide component.
Ada Crater
Ada is an~2.2 km diameter crater on the Meridiani plains that is located~140 km to the east of Endeavour crater and thus will probably not be explored by Opportunity (Figure 1 ). Even so, the crater is of interest because it is relatively fresh and is covered by CRISM ATO FRT0001FCA1 (Table 1) , with a maximum oversampling on the southern side of the crater rim and wall ( Figure 5 ). Regularization of the pixel locations was conducted using a Tikhonov damped least squares approach as discussed in Arvidson et al. [2014] . The dispersal of pixels along track evident in the sensor space display shows why regularization Figure 4 . (a) Model SSA spectra are shown for an intimately mixed dune sand end-member (retrieved from ATO FRT00019E9C, location is described in Figure 2 ) with varying weight percentages of 100 μm diameter gypsum grains. Real and imaginary indices of refraction for gypsum were taken from Roush et al. [2007] . Details are provided in the text. Note how the dark dune material subdues the gypsum spectral features, particularly for the shorter wavelengths. (b) Band depths are plotted as a function of weight abundances of gypsum mixed with dune sand for spectra shown in Figure 4a . The band depth values located at 0% gypsum indicate the level of noise in the CRISM spectrum for the dune sand. Note how the shorter-wavelength band depth (bolded line corresponding to 1.443 μm absorption) decreases more rapidly than the longer-wavelength absorption G4 (2.218 μm), consistent with preferentially masking bands at shorter wavelength where the dune sand is darker.
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is needed. SSA image cubes were generated in sensor space, regularization to 6 m/pixel along track was then conducted, and a map-projected product was produced as the end stage of processing.
HiRISE data covering Ada show exposures of relatively bright bedrock along the rim and upper walls ( Figure 6 ). As part of his PhD thesis, Wray [2011] used a normal 18 m/pixel CRISM observation (FRT000199D5) with standard volcano scan processing techniques to infer that the rim and wall outcrops expose kieserite. The ATO and its oversampling of the crater rim and wall are used in this paper to search for the deepest absorption features and to relate these to specific outcrops. The high spatial entropy of Ada's wall and rim outcrops is clearly evident in SSA image cubes for Ada and the scene originally used to detect kieserite. The brightest regions on the rim and upper walls show downward pointing spikes in the retrieved spectra that correspond to the detectors' inability to respond to the rapidly changing dark (narrow valleys not well lit by the Sun and thus dark) to bright surfaces (flatter locations and surfaces tilted toward the Sun) as the instrument field of view moved along track.
A detailed search was conducted to find contiguous spectra with a relatively small number of spikes and deepest absorption features. The retrieved end-member spectra from contiguous pixels are located over a relatively homogeneous outcrop shown at HiRISE spatial resolution in Figure 6 , and the resulting average of spectra for 12 pixels is shown in Figure 7a . A plot that allows direct comparisons of the Ada spectrum with laboratory data for kieserite and starkeyite is also shown (Figure 8 ). Three levels of noise can be identified in the Ada spectrum. Spikes that clearly deviate from the main spectral trends are due to detector elements that were unable to respond to rapidly changing terrain brightness levels. These spikes have been replaced by averages of the spectrally adjacent values. The~1.92 to 2.14 μm region includes several deep atmospheric CO 2 bands that cause rapid changes in I/F amplitudes over narrow spectral ranges. As a consequence, this spectral region has not been included in spectral smoothing that is commonly applied to CRISM raw data products . SSA spectra for this spectral region thus tend to have high noise levels. The typical noise level standard deviation is evident through examination of the spectrum shown in Figure 7a .
As noted previously, the spectral region from~2.15 to 2.65 μm tends to have lower noise values as compared to shorter-wavelength data.
Absorptions consistent with K3 (2.129 μm) and K4 (2.399 μm) are evident in the Ada spectrum and consistent with kieserite (Table 3) . The downturn at longest wavelengths is also consistent with the presence of hydrated sulfates, including kieserite. The absorption present in kieserite spectra centered at~1.6 μm (Figure 3) is not evident in the spectrum shown for Ada. This is interpreted to be due to the higher opacity of basaltic soil and/or Figure 7 . To facilitate comparisons of retrieved CRISM SSA spectra, this figure presents data for Ada, Victoria, Santa Maria, and Botany Bay as a set of four panels. (a) Average of 12 single scattering albedo spectra from FRT0001FCA1 for the outcrop shown in Figure 6 . The noisy nature of the CRISM spectrum is a consequence of the small number of spectra being averaged, combined with the rapidly changing pattern of bright and dark areas within Ada relative to the speed of image acquisition, i.e., the inability of the detector elements to fully adapt to the changing conditions. As detailed in the text, the obvious spikes due to lack of proper detector response are shown as light lines. The absorptions K3 and K4 are indicative of kieserite. (b) Single scattering albedo spectra are shown for the southeastern wall of Victoria adjacent to Explorer crater. Spectra for eight pixels were averaged together. Absorption features S1 and K3 are indicative of a hydrated phase and kieserite, respectively. Light portion of the spectrum located at~1.6 μm is an instrumental artifact as explained in the text. Data from ATO FRT0001C7D2. (c) Single scattering albedo spectra for the southeastern rim of Santa Maria centered on the Luis de Torres in situ target. Six spectra in sensor space were averaged together. The spectra are noisy for the reasons discussed in the text. Absorption features S1, K3, and K4 are indicative of a hydrated phase and kieserite, as discussed in detail in the text. Data from ATO FRT0001B8A4. (d) An average of 400 SSA spectra from ATO FRT00019E9C centered about the Black Shoulder locality. The less noisy nature of the CRISM spectrum relative to those shown for Ada, Victoria, and Santa Maria craters is a consequence of the large number of spectra averaged and the relatively homogeneous spectral characteristics of Botany Bay. The wavelength region from 2.15 to 2.5 μm, delineated by the box, is shown in detail in Figure 17 . Absorptions G1, G4, G5, and G6 are indicative of gypsum.
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dust in this wavelength region, the low expected BD value based on the shallow-longer-wavelength bands, and the high level of noise in this wavelength region. We have also considered the possibility that the spectra are indicative of the presence of szomolnokite (Fe 2+ SO 4 H 2 O), given that absorption features are similar to those for kieserite in the spectral region considered. We note that this mineral was not found for any Burns formation targets examined by Opportunity using the Mössbauer Spectrometer, which is sensitive to the presence of Fe-bearing minerals (Morris et al. [2006] and later data collected for Burns formation rocks). Szomolnokite cannot be excluded based on Ada spectra, although given the lack of detections for other Burns formation locations, we prefer a kieserite interpretation, an interpretation shared by Wray [2011] .
It is beyond the scope of this paper to estimate the relative amount, grain size distribution, and porosity of the kieserite-bearing outcrops, parameters that are needed to simulate multiple scattering of light in soil deposits using either Hapke's [2012] or Shkuratov et al.'s [1999] models. The important point is that what we interpret to be kieserite spectrally dominates the outcrops exposed on the rim and walls of Ada. These rocks are located near the top of the preserved Burns formation stratigraphic section based on the fact that the crater did not penetrate into the Noachian substrate; i.e., there is no spectral or morphologic evidence for excavation of basaltic Noachian crust. Based on the nonlinear mixing model example shown in Figure 4 , the inferred kieserite abundance need not be more than a few percent, although lower or higher values are permissible, given that the mixing model is for particulate matter and not rock. Pure or relatively pure outcrops of kieserite are excluded based on the spectrum shown in Figure 7a and the data Opportunity collected to the west of Ada for Burns formation outcrops.
Victoria Crater
Victoria crater formed after the deposition of the Burns formation and has since undergone significant wind-induced erosion of its rim [Grant et al., 2008; Squyres et al., 2009] . Opportunity explored the plains to the northwest and north of the rim and spent its second Martian winter within the crater, systematically investigating an~8 m vertical section of Burns formation sulfate-rich sandstones exposed on Victoria's walls . Examination of ATO FRT0001C7D2 SSA spectra in sensor space and in map-projected formats illustrates the need to regularize the pixel locations to true map locations (Figure 9 ). In particular, pixels on the southern rim were oversampled in an irregular way. Oversampling is densest along the southeastern rim. Processing was done using the methodologies described in previous sections of this paper.
SSA image cube data in sensor space regularized to 6 m/pixel show spectra with varying degrees of downward and upward spikes, particularly in areas where HiRISE data show irregular topography along the Figure 8 . To allow direct comparisons of SSA spectra for Ada, Victoria, and Santa Maria, areas for which kieserite detections have been inferred, the data are shown on one plot (without obvious data spikes), along with laboratory spectra for pure samples of kieserite and starkeyite. Absorption features (S1, K3, and K4) are labeled. The laboratory data have been scaled to fit onto the SSA range for CRISM-derived spectra. The different shapes for the two sets of spectra are a consequence of using pure powders for the laboratory data and mixtures of materials with relatively low concentrations of kieserite and polyhydrated sulfate(s) for Mars. The lack of refractive index data for kieserite and starkeyite precluded nonlinear calculations of the type used in Figure 4 to show simulated spectra for low concentrations of gypsum mixed with basaltic materials that dominate Mars.
Journal of Geophysical Research: Planets
10.1002/2014JE004686
dissected rim and thus large changes in lighting conditions over short distances. The spectral signatures with the deepest absorptions (Figure 7b ) are associated with an outcrop on the southeastern rim, just to the northwest of the~40 m wide Explorer crater (Figure 10) . A significant number of downward spikes are present in the average spectrum of 8 pixels retrieved from this area and are interpreted to reflect the lag of some detector elements in responding to the higher radiances from bright rim materials. In addition, another artifact common to some CRISM spectra appears, centered at~1.7 μm, that is associated with the boundary between two order filters [Murchie et al., 2007] . The spikes and the artifact are shown as lighter lines, with the spike values replaced by averages of spectrally adjacent SSA values. Two absorptions are evident in the spectrum and are indicative of what we interpret to be kieserite (K3, 2.129 μm) and one or more hydrated phases (S1, 1.940 μm). The 2.4 μm spectral region shows as a column-dependent, noise-induced plateau above the continuum. This unfortunate situation precludes detection of a kieserite-related narrow Figure 3 have BD values that are an order of magnitude or more greater than those calculated for ATO data. BD ratios less than 1.5 were discounted in our analyses. Figure 7b . A HiRISE view of this area is shown in Figure 10 . Spectra retrieved from this location show a distinctive kieserite signature likely due to wind erosion of overlying soils exposing a relatively clean bedrock surface. Bands located at 1.08, 1.51 and 2.53 μm are shown as BGR.
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absorption or the broader feature associated with polyhydrated sulfates. The downturn at the longest wavelengths is also consistent with the presence of hydrated sulfates. The lack of the~1.6 μm kieserite absorption is again attributed to the reduction of spectral contrast by admixed dark soil, expected shallow band depths, and high noise levels at these shorter wavelengths.
HiRISE data show that the area with the kieserite detection is relatively bright and stripped of soil by southeasterly winds (Figure 10) . A portion of the Pancam false color Cape Verde mosaic (Jet Propulsion Laboratory Photojournal PIA090103), taken from the northwestern Victoria rim, shows the location with the CRISM detection of kieserite, including Explorer crater (Figure 11 ). Dark sands can be seen extending down the walls and into the crater. This is consistent with the direction of dark wind-blown sands extending to the northwest from Victoria and sampled by Opportunity to show the presence of basaltic materials [Geissler et al., 2010] . Thus, we infer that southeasterly winds have preferentially removed dust, soil, and any coatings and exposed relatively fresh bedrock, enabling detection of what we infer to be kieserite and an additional hydrated phase. We note that Opportunity did acquire remote sensing and contact science measurements for outcrops on the northwestern side of Victoria crater. Mössbauer Spectrometer observations for these outcrops preclude the presence of szomolnokite. Rather, the data are indicative of the presence of the typical Burns formation Fe-rich phases: hematite, jarosite, minor pyroxene, and an unidentified Fe 3+ phase. Kieserite is thus inferred to be at the top of the locally preserved Burns formation stratigraphic section.
Santa Maria Crater
CRISM ATO FRT0001B8A4 was acquired over the~100 m wide Santa Maria crater and surroundings, while Opportunity was still on its way from Victoria to Endeavour craters. Initial results from the analyses of this data set showed the presence of what we interpret to be kieserite and were used to help define the location on the rim of Santa Maria for Opportunity to acquire in situ and remote sensing measurements. HiRISE data show that Santa Maria is relatively fresh and has exposures of the preserved upper section of the Burns formation ( Figure 12 ). ATO-regularized sensor space data converted to SSA values were carefully searched to find the best evidence for absorption features. Results show that the southeastern rim of the crater has spectra for 6 pixels consistent with the presence of absorptions K3 (2.129 μm) and K4 (2.399 μm), with the 
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addition of S1 (1.940 μm) (Figure 7c ). The spectra for this portion of the rim are interpreted to be indicative of kieserite, with the addition of another hydrated phase. The downturn at the longest wavelengths is also consistent with the presence of hydrated sulfates.
Opportunity spent a solar conjunction period on the southeastern portion of Santa Maria's rim where the CRISM spectra shown in Figures 7c and 8 (Figure 13 ). ATO data show that dark sands extend to the northwest away from the crater (Figure 12 ). The location of the kieserite and hydrated phase spectral signatures on the southeastern side of the rim is thus consistent with preferential scouring of the site by southeasterly winds, similar to what was found for Victoria; i.e., wind-scoured surfaces at the top of the preserved Burns formation stratigraphic section show evidence for kieserite. A partial dust and soil cover are evident even in these scoured locations, based on Microscopic Imager (MI) [Herkenhoff et al., 2003] images of the brushed Luis de Torres target (Figure 14) . Loose dust and soil were brushed away by the Rock Abrasion Tool and can be seen at the periphery of the circular brushed zone. This cover would preferentially mask shorter-wavelength absorptions, as noted in a previous section of our paper. 
Botany Bay on Endeavour Crater's Rim
A key objective for Opportunity has been the exploration of the rim of the~22 km diameter, Noachian age Endeavour crater [Squyres et al., 2012; Arvidson et al., 2014] . After exploring Endeavour's Cape York rim segment, Opportunity was commanded to traverse across Botany Bay, a subdued portion of the rim covered by Burns formation materials (Figure 15 ). This area has a higher thermal inertia relative to surrounding terrains, suggesting that loose, fine-grained material has been preferentially removed from this area (Figure 16 ). In fact, Chojnacki et al. [2011] showed, using mesoscale atmospheric circulation models, that winds tend to move up and out of Endeavour, making Botany Bay a wind gap with enhanced erosion. Noe Dobrea et al. [2012] used FRT data to show that Botany Bay has a spectral signature of hydrated Ca sulfates. To follow up on this discovery, ATO FRT00019E9C (Table 1) was acquired and processed, and the resulting SSA cube was searched for the locations with the strongest absorption signatures to help determine where to send Opportunity to characterize the relevant outcrops and more fully characterize the mineralogy associated with the hydrated Ca sulfate signatures.
A BD map centered at 1.936 μm (G1; Table 2) was generated and used both to retrieve spectra with deepest absorption features and to direct Opportunity to a location to explore the surface materials associated with this signature (Figure 16 ). The 1.936 μm BD map correlates well with the thermal inertia map (Figure 16 ), consistent with the hypothesis that wind has scoured soil and exposed more bedrock than typical for Burns formation outcrops. Detailed examination of the ATO SSA image cube showed spectra consistent with the presence of G1, G4, G5, and G6 absorptions for gypsum, with the strongest signatures present on a broad area on the southern side of Botany Bay where both thermal inertia and the 1.936 μm BD map showed high values. An average of 400 spectra centered about this strong signature is shown in Figures 7d and 17 . The data are also consistent with a minor amount of an additional polyhydrated sulfate phase, such as starkeyite, with its 1.940 (S1) and broad 2.405 μm (S4) absorptions. The presence of bassanite (2CaSO 4 ·H 2 O, with absorptions centered at 1.912, 2.094, 2.252, and 2.474 μm [Crowley, 1991] ) is not consistent with the data; in that, the deep absorption at 1.912 μm is not evident, the absorption located at 2.094 μm is in the spectral regime with a relatively high noise level for identification of this feature, and there is no evidence for an absorption at 2.252 nor 2.474 μm.
Opportunity was directed to the southeastern side of Botany Bay where CRISM data indicated a strong gypsum spectral signature (Figures 16; Black Shoulder) . The terrain consists of relatively bright, flat-lying outcrops, partially covered by basaltic sand, and a field of slightly darker, upturned boulders that is interpreted to be the remains of a resistant layer left behind as Burns formation rocks were eroded by wind (Figure 18 ). Detailed in situ observations were obtained for an~0.6 m wide, upturned boulder called Black Shoulder (Figure 19 ). MI data for Black Shoulder show a coarse-grained rock with little to no soil cover in which the interlocking nature of the grains is indicative of extensive aqueous alteration after deposition [e.g., Grotzinger et al., 2005] . Black Shoulder Alpha Particle X-Ray Spectrometer (APXS) [Rieder et al., 2003] measurements do not show enhancement of Ca and S indicative of the presence of a Ca sulfate, as will be detailed in the next section of this paper. Figure 14 . Microscopic Imager mosaic of Luis de Torres after brushing using the RAT on sol 2485 and processed to minimize effects of partial shadows. Brushed area is~3.8 cm wide. Hematitic concretions common on the Meridiani plains can be seen around the brushed area. Surface materials were removed during the 34 min brushing period and can be seen as fine materials exterior to the brushed region.
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MI and APXS data were also acquired in Botany Bay for the flat-lying bedrock outcrops Tawny, Red Poker, and Callitris (Figure 16 ). The Callitris target was the last Burns formation in situ measurement site before ascending onto Murray Ridge (Figures 20 and 21) . The Callitris outcrop lies stratigraphically above the older bench materials (so-called Grasberg outcrops) that surround the ridge, and APXS data show slight enhancement of Ca and S, consistent with the presence of a Ca sulfate. This evidence will be presented in the next section of this paper. It is noted that veins interpreted to contain gypsum have been found by Opportunity on the bench materials surrounding Cape York, deposits that drape unconformably onto the rim materials [Rice et al., 2010; Squyres et al., 2012] . Similar veins were found on rim materials on Cape York proper . The evidence is in the form of APXS data for veins that show enhanced Ca and S, together with Pancam spectra that show a distinct 1.0 μm downturn uniquely associated with an H 2 O and/or OH combination absorption for gypsum.
Correspondence Analysis Applied to Burns Formation APXS Data
Although Opportunity did not visit the southeastern rim area of Victoria crater where CRISM spectra indicate the presence of kieserite, in situ measurements were made as a function of stratigraphic position within the walls on the northwestern side of this crater. Thus, an extensive set of measurements exist for the crater. Also, the Luis de Torres in situ target for Santa Maria crater was located in the center of the kieserite-rich signature as observed in the ATO FRT0001B8A4 data. Furthermore, several flat-lying bedrock and the Black Shoulder boulder in situ targets in Botany Bay were in areas with gypsum signatures. In this section of the paper, we explore the extent to which compositional information derived from APXS measurements is consistent with inferences from the spectral information derived from the CRISM ATOs. Table 4 provides the compositional data used in the analysis.
APXS data are multivariate in nature (oxide compositions for any number of targets) with variations in any given oxide controlled by dependencies on other oxides. Correspondence analysis (CA) is a normalized factor analysis in which factor loadings are generated for both variables and samples and has been validated for use in compositional data sets [e.g., Larsen et al., 2000] . When shown as scatterplots of factor loadings, APXS observations for Opportunity have been used to show contributions from admixed soils (trends from soil covered to brushed to abraded surfaces), along with trends of increasing iron oxide concentrations near the crests of granule ripples on the Meridiani plains [Arvidson et al., 2011] .
CA was applied to all APXS measurements acquired on Burns formation surfaces from Victoria through the last measurement (Callitris) before Opportunity traversed onto the Noachian-aged rocks on Murray Ridge Figure 15 . Shown is a false color HiRISE image view of the Botany Bay area overlain with Opportunity's traverses from the Meridiani plains to Murray Ridge. Tawny, Black Shoulder, Red Poker, and Callitris are in situ targets on Burns formation materials. The Black Shoulder target included brushing and abrading with the RAT. Opportunity was directed to the Black Shoulder area based on a strong CRISM detection of gypsum in that locality (Figures 7d and 17) . HiRISE frame ESP_033573_1775_color with illumination from the upper left. Composite generated using 0.40-0.60, 0.55-0.85, and 0.80-1.00 μm bands as BGR.
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( Figure 16 ). For reference, data for a dust-dominated surface (North Pole) measured on a ripple located on the northern part of Cape York were also included ( Table 4 ). The factor 1 loading from a correspondence analysis for these data accounts for 88% of the data set variance and is controlled by the extent of dust and soil cover, and any coatings, with a trend from undisturbed to brushed to abraded rock targets becoming increasingly enriched in S (Figure 22 ). For example, the undisturbed Luis de Torres target at Santa Maria crater exhibits an extreme factor 1 loading for Burns formation targets, with affinities associated with silicates that dominate soil and dust. The North Pole measurement is the extreme end-member, consistent with significant dust and soil covers (dominated by silicates and ferric oxides) for the undisturbed Burns formation surfaces. The factor 1 loadings are also consistent with MI data that show at least partial removal of wind-blown dust and soil covers after brushing the Luis de Torres target (e.g., Figure 14) ; in that, the loading after brushing lies in an intermediate location between undisturbed and abraded target loadings. The abraded target lies on the other extreme for factor 1 loading. Ruiz Garcia is a boulder target at Santa Maria crater, with a near-vertical face (likely minimal dust and soil cover), and has a factor 1 loading similar to the brushed target for Luis de Torres. Similar trends from undisturbed to abraded surface measurements are evident for targets in Victoria and Botany Bay.
Factor 2 loading (Figure 22 ) explains about 5% of the variance. The sample locations show an increased spread in the second factor loading from measurements on undisturbed to brushed to abraded surfaces, consistent with systematically removing contaminants to reveal the subtle variations in rock compositions. Tawny and Callitris are flat-lying targets in Botany Bay, and these measurements represent outliers slightly enriched (see Table 4 ) in Ca, in addition to enhanced thermal inertias and 1.936 μm band depth values. These are in areas where CRISM data indicate the dominance spectrally of gypsum. The enrichments are relatively small (Table 4) , consistent with the relatively shallow band depths inferred from CRISM spectra. For the remaining targets, there is no clear positive correlation between S and other elements, implying that the system was to first order isochemical, with the exception of an increase in Cl downsection for the measurements within Victoria. The downsection movement of Cl is interpreted to be a consequence of movement of soluble salts by percolating groundwaters after deposition of the Burns formation [Arvidson et al., 2011] . The lack of a correlation between Ca and S extends to the Black Shoulder rock target in Botany Bay, which as discussed in the paper is likely an outlier left behind as wind erosion stripped the Burns formation. Bay on Endeavour's rim. Note the enhanced thermal inertia over Botany Bay, which is inferred to be due to preferential wind erosion that keeps the area relatively clean of fine-grained soils. Thermal inertia values based on analysis of THEMIS data as reported in Putzig et al. [2005] . Box a delineates the location for which a portion of ATO FRT00019E9C in false color infrared is overlain with a color-coded 1.944 μm band depth map, showing values larger than 0.015 (blue) up to 0.021 (red). Opportunity was directed to Tawny and the Black Shoulder areas based on high thermal inertia and band depth values. CRISM bands located at 1.08, 1.51, and 2.53 μm shown as BGR. Note that Callitris is just at the edge of enhanced thermal inertia and band depth values whereas Red Poker is located to the south of these enhanced areas.
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Implications for Formation and Alteration of the Burns Formation
Both kieserite and gypsum, where encountered in bedrock exposures on Mars, tend to be relatively resistant to erosion. For example, the gypsum-bearing veins explored by Opportunity are local high areas, standing above the more eroded bench rocks surrounding Endeavour's rim [Squyres et al., 2012] . As another example, Griffes et al. [2007] showed that kieserite bordering the northern Meridiani Plains is associated with plateau-forming strata. It thus seems reasonable that the enhanced exposures of these two minerals as evidenced by ATO-based signatures for wind-swept rock exposures (or crater walls for Ada) may be due to differential erosion relative to weaker materials, perhaps polyhydrated sulfates and perhaps jarosite. In any case, the identification of kieserite and gypsum still provides constraints on the deposition and/or alteration of Burns formation materials, as summarized below.
Deposition of the Burns formation has been ascribed to a fundamental change in the hydrologic environment of the Meridiani area, from one dominated by fluvial erosion and transport of material to the northwest along the topographic gradient [Hynek and Phillips, 2001 ] to accumulation of sulfate-rich, predominantly wind-blown sedimentary deposits [Grotzinger et al., 2005] . Recharge from the highlands located to the southeast of Meridiani would have provided the necessary hydrostatic head for groundwater to preferentially reach the surface in the Meridiani area . Edgar et al. [2014] infer that a sulfate-bearing mudstone facies has been preserved in rocks exposed in Santa Maria crater, whereas in other areas explored by Opportunity (e.g., Victoria), the sedimentary deposits likely resulted from reworking of putative playa muds by wind and water into a "wetting upward" sequence , with consequent lowering of aqueous pH, further corrosion of near-surface basaltic material and subsequent deposition of playa muds, formation of sulfate-rich cements within the sandstones, and one or more diagenetic episodes resulting in the formation of hematitic concretions and jarosite [Hurowitz et al., 2010] .
Two topics to be addressed from the results reported in this paper are why gypsum is preferentially found in Botany Bay and surroundings and why kieserite is preferentially found on outcrops in Ada, Victoria, and Santa Maria craters (i.e., closer to the top of the preserved Burns formation stratigraphic section). We address the gypsum question first. For materials of basaltic composition, the neutralization of sulfate-rich acidic groundwaters that are expected to result from fluid-rock interaction would produce Mg-Fe-Ca-Na-SO 4 -rich 
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fluid(s) that upon rising to the surface and undergoing evaporation would generate a specific sequence of sulfate minerals [Tosca and McLennan, 2009] . Gypsum would form and deplete the fluid of Ca and S well before the onset of polyhydrated sulfate precipitation, which only occurs after evaporation further concentrates the fluid [Tosca and McLennan, 2009] . In addition, polyhydrated sulfates and chlorides, precipitated from late-stage brines, are far more likely to undergo complex redissolution and reprecipitation processes during any recharge of subsequent groundwaters, potentially leading to further preferential concentration of less soluble gypsum [McLennan, 2012] .
The presence of gypsum in Botany Bay is thus interpreted to be a consequence of its proximity to the underlying Noachian crust, with initial rising of groundwaters preferentially precipitating gypsum as a relatively insoluble phase [Tosca and McLennan, 2009] . This may have happened in locations more proximal to fertile groundwater sources, while the Burns formation was being emplaced and/or afterwards as the Burns formation materials were diagenetically altered by subsequent groundwater recharge events. The lack of gypsum veins based on Opportunity data for the Burns formation suggests that gypsum formation was dispersed through Burns formation materials (e.g., as cements or altered grains).
With regard to kieserite, laboratory experiments indicate that this phase does not form as a direct low-temperature evaporative precipitate [Vaniman et al., 2004] , unless there is a large amount of chlorine present, and an extensive assemblage of chlorides would then accompany kieserite deposition [Vaniman et al., 2004; Wang, 2014] . On the other hand, chloride salts are approximately 3 times more soluble than Mg sulfates and might not survive any redissolution processes that may have taken place. Kieserite thus may have formed during last stages of evaporation of brines. It may also have formed as a a Eleven element oxide compositions in weight percent were used in the correspondence analysis discussed in the paper and presented as factor loadings in Figure 22 . Trace elements were not utilized. The average statistical error bars for each element, representing the statistical uncertainty for each measured spot, are given in the table. The average accuracy values for the MER APXS calibration found in the laboratory with homogeneous powdered geological reference samples are also given [Gellert et al., 2006] . Brushing and abrasion were done using the Athena Rock Abrasion Tool [Squyres et al., 2004] .
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dehydration product of polyhydrated sulfates that precipitated in a chemically complex evaporative sequence. For example, kieserite has been inferred to be present on the surfaces of newly exposed epsomite deposits on the dry, cold Tibetan Plateau on Earth [Kong et al., 2014] . The kinetics of the dehydration and hydration of sulfates under Mars conditions are complex and sluggish, and implications for the presence of outcrops on Mars dominated by polyhydrated as opposed to monohydrated sulfates are still under investigation in laboratory experiments [Chipera and Vaniman, 2007; Steiger et al., 2011; Wang, 2014] . We hypothesize that for either direct precipitation or dehydration scenarios, the occurrence of kieserite at the top of the preserved Burns formation stratigraphic section implies that this mineral formed during latter stages of deposition when conditions moved toward aridity. Table 4 for data) of Burns formation materials from Victoria through Botany Bay are shown as a scatterplot for the first two factor loadings. CA allows exploration of multidimensional data sets by retrieving the most important directions of data variance in a way that allows factor loadings for both samples, and variables to be plotted together. For clarity, phosphorus is not labeled but is aligned with the sulfur vector. See Arvidson et al. [2011] for detailed description and application to Opportunity APXS data for Endurance and Victoria craters. Key samples are labeled with (right) undisturbed surfaces, (middle) brushed surfaces ("b"), and (left) abraded surfaces ("r"). This is consistent with a greater degree of dust and soil contamination for natural as opposed to abraded surfaces, with the North Pole dust measurement lying on the extreme right of the factor 1 loading. For Victoria, (top to bottom) the stratigraphic sections are Steno, Smith, Lyell, and Gilbert. The lines extending from the undisturbed Luis de Torres data to abraded Black Shoulder and Steno measurements encompass most of the data and show how subtle rock compositional trends become evident after removal of dust and soil covers and any coatings. Tawny and Callitris data from Botany Bay lie outside of the trend and toward an enhancement in Ca.
